51. Among the black diamonds, the planetary pairs with |Do sky | near 90°and large angular momentum ratios include giant planets in a five-planet system (55 Cnc), a pair of hot super-Earths (GJ 163), and a cold Jupiter partnered with a hot Neptune (HD 125612); it is unclear whether their orthogonal eccentricity vectors also signify large mutual inclinations. The transiting pair Kepler-30 c and d, which are near a 2:1 resonance, have |Do sky | = 114°, an angular momentum ratio of 21, and a low mutual inclination (16) . ACKNOWLEDGMENTS We gratefully acknowledge support from the Identifying the population of galaxies that was responsible for the reionization of the universe is a long-standing quest in astronomy. We present a possible local analog that has an escape fraction of ionizing flux of 21%. Our detection confirms the existence of gaps in the neutral gas enveloping the starburst region. The candidate contains a massive yet highly compact star-forming region. The gaps are most likely created by the unusually strong winds and intense ionizing radiation produced by this extreme object. Our study also validates the indirect technique of using the residual flux in saturated low-ionization interstellar absorption lines for identifying such leaky galaxies. Because direct detection of ionizing flux is impossible at the epoch of reionization, this represents a highly valuable technique for future studies.
T he reionization of the universe is a crucial event in cosmic history. Identifying the source(s) responsible for reionization will allow us to understand the underlying physics. Star-forming galaxies are the most likely candidates, but what is their nature? By what process does Lyman continuum radiation, capable of ionizing hydrogen atoms, escape the region of dense and cold gas from which the required population of hot massive stars forms?
Studies to date have had limited success at detecting such candidates. For example, Iwata et al.
(1) found continuum leaking out of 17 galaxies from their sample of 198 star-forming galaxies [Lyman break galaxies (LBGs) and Lya emitters (LAEs)], whereas Vanzella et al. (2) found only one such leaking galaxy out of 102 LBGs. Most of the high-redshift studies have resulted in only a handful of detections with substantial escape fractions (3, 4) . In some ways, the low incidence of such galaxies is not surprising. Hot massive stars are located in gas-rich regions with column densities ranging from 10 21 to 10 24 cm −2 . This is 4 to 7 orders of magnitude higher than the column density of H I required to produce an optical depth of unity at the Lyman edge (N = 1.4 × 10 17 cm −2 ). Therefore, extreme conditions may be required for a substantial fraction of the ionizing flux to escape from the galaxy.
Identifying local examples of such leaky galaxies will allow us to study in detail the processes that lead to the escape of Lyman continuum radiation. These local examples can also be used to validate indirect signatures of escaping ionizing flux that are based on the properties of the spectrum at wavelengths longer than the Lyman-a line (see below). This is invaluable, because the spectral region at shorter wavelengths is completely opaque at the epoch of recombination.
We previously uncovered a sample of relatively rare local (redshift z ≈ 0.2) starburst galaxies whose overall properties [mass, metallicity, size, morphology, star formation rate, kinematics, dust attenuation, etc.] are very similar to those of the LBGs (5-10). These galaxies are termed Lyman break analog galaxies (LBAs). SDSS J092159.38+450912.3 (hereafter J0921+4509) is one such local LBA (z = 0.23499) that is producing stars at the rate of 50 solar masses (M • ) per year. It belongs to a special class of LBA where several billion solar masses of stars are produced in an extremely compact central region with a radius of~100 pc (11) . Such massive and highly compact star-forming regions are referred to as dominant central objects (DCOs). Because of their compact nature, DCOs can generate extreme winds that were found to propel the surrounding interstellar neutral and ionized gas outward at velocities in excess of 1000 km s −1 (9) .
Three independent but indirect lines of evidence were put forth by Heckman et al. (9) suggesting that a substantial amount of ionizing radiation could be escaping from this galaxy and others with DCOs. First, these authors found that the strongest interstellar absorption lines tracing the neutral phase of the interstellar medium (ISM) were optically thick (saturated) but still had a substantial residual flux in the line cores [~20 to 30%; see (9) , figures 4 and 5]. This is an indication that the far-ultraviolet (UV) continuum source, the DCO, is only partially covered by optically thick neutral material. Second, they detected a substantial amount of blue-shifted Lyman-a emission, despite the presence of neutral gas seen in absorption at those velocities. This requires only partial coverage of the starburst region by the outflowing neutral gas. Third, the star formation rate estimated for this galaxy based on the extinction-corrected Ha emission line was smaller by a factor of 3 than the value based on the sum of the far-IR and far-UV continuum luminosities. This could indicate that some of the ionizing flux escapes the galaxy and thus does not produce Ha emission by photoionization and recombination. These properties led Heckman et al. (9) to speculate that the extreme feedback provided by an extraordinarily compact massive starburst (like a DCO) might be required to enable the escape of ionizing radiation from galaxies.
To directly confirm the inference of escaping ionizing radiation and compare it to that predicted by the residual flux technique, we conducted a program with the Cosmic Origins Spectrograph (COS) aboard the Hubble Space Telescope (HST) to obtain the spectrum of J0921+4509 below the Lyman edge at 912 Å in the rest frame of the galaxy. The data were obtained in two separate sets of observations (durations 4 and 5 orbits of HST, respectively), which were reduced using the standard COS data reduction pipeline (12) . The final spectrum ( Fig. 1 ) was produced by binning 150 pixels of the weighted average of the two data sets in order to improve the signal-to-noise ratio. The spectrum was corrected for the Milky Way's dust extinction in the direction of J0921+4509. We report a flux density detection of 3.7 (T0.8) × 10 −17 erg s −1 cm −2 Å −1 just below the Lyman edge. This corresponds to a luminosity lL l , at rest wavelength l = 910 Å, of 5.0 × 10 42 erg s −1 .
The young stars that produce the ionizing flux also produce strong stellar winds, which can be traced using transitions such as N V and C IV. These transitions are minimally contaminated by interstellar features and have the greatest diagnostic power to identify the underlying stellar populations. The strong P-Cygni profiles in these transitions (Fig. 2) substantial amounts of ionizing radiation. A stellar population model (13) of an instantaneous burst 3 million years ago and a Kroupa initial mass function describes our data best, thus suggesting that J0921+4509 has a large fraction of extremely young and massive stars.
Before describing how we quantified the escaping ionizing radiation in this galaxy, it is important to distinguish between two sources of opacity provided by the galaxy's ISM. The first is the dust. Opacity due to dust suppresses the amount of escaping UV light by an amount that gradually and smoothly increases with decreasing wavelength. It therefore renders the UV continuum fainter and redder, but does not produce any signature across the Lyman edge at 912 Å. The second source of opacity is associated with photoelectric absorption by neutral hydrogen, which will produce a sharp drop in flux density at the Lyman edge. For simplicity, we describe these two sources of opacity separately.
First, we consider the effects of photoelectric absorption in the absence of dust (the dust-free case). The stellar population model predicts the intrinsic ratio of ionizing to nonionizing flux (i.e., the drop in flux at the Lyman edge in the absence of photoelectric absorption by the interstellar medium). A comparison of the drop in flux density between our observed data and the normalized best stellar population model describing the stellar wind lines (Fig. 3) gives us a measure of the fraction of Lyman continuum photons that suffer photoelectric absorption by atomic hydrogen in the ISM of the galaxy. In mathematical terms,
where F l912− and F l912+ are the fluxes below and above 912 Å. F l912− was measured by averaging the flux density over 10 Å below the Lyman break ( Fig. 1) . To avoid the effects of the confluence of the stellar and interstellar Lyman series absorption lines near the Lyman edge, we measured F l912+ in a window between 1000 and 1020 Å (beyond Lyman g). The observed drop in flux density relative to the stellar population model implies a value for f dust free esc ≡ 21 T 5%. The inferred incompleteness in coverage, f cov , of the starburst region by optically thick neutral material predicts f dust free esc ≡ 1 − f cov , which in turn is equal to the residual flux. Our measurement of f dust free esc is in good agreement with the estimate based on the residual flux (∼20 to 30%) in the strongest interstellar absorption lines (9) .
We can now consider the effect of dust absorption. Here we are concerned with estimating what we call the absolute escape fraction of Lyman continuum photons, attributable to the combined Fig. 3 . Lyman continuum escape fraction. The black line denotes the COS spectrum of J0921+4509 between 890 and 1040 Å in the rest-frame of the galaxy.The spectrum was corrected for dust attenuation (21) corresponding to the observed UV slope of b = −1.37 in J0921+4509. The best-fit stellar population model is shown in red and has been normalized to match flux density of the data between 960 and 1040 Å. Dotted lines indicate the observed and predicted (by model) flux densities at the Lyman edge (900 to 910 Å) and at wavelengths between 1000 and 1020 Å. The ratio of strength of the observed drop to the theoretical drop represents the dust-free escape fraction. Fig. 4 . Schematic diagram of the starforming region associated with a DCO, such as in J0921+4509. The extreme conditions in the DCO generate a strong galactic wind and large quantities of ionizing flux that clear out a cavity (windblown cavity in the figure) and parts of the neutral gas cover. However, the entire region is covered by dust.The neutral gas cover contains gaps, where the gas becomes completely ionized and consequently has negligible optical depth due to photoelectric absorption of Lyman continuum photons by hydrogen. Thus, these gaps facilitate the escape of Lyman continuum and Lyman-a photons. effect of photoelectric absorption and dust extinction. Thus, we want to estimate the ratio between the observed luminosity of the escaping ionizing radiation and the intrinsic luminosity (in the absence of both dust and neutral hydrogen). The amount of dust absorption in the far UV is substantial in this galaxy: The ratio of UV to infrared (IR) flux is just~10% (7) . Assuming that the IR and UV luminosities dominate the bolometric luminosity (L bol ≈ L UV + L IR ), we adopt the definition of the absolute escape fraction f esc,abs as described in (14):
We estimate the escaping Lyman continuum luminosity L ioniz,esc from the data by measuring the parameter lL l just below the Lyman continuum break and correcting it by a factor as follows:
The best-fit stellar population model predicts the intrinsic ratio L bol /L ioniz to be~4, and the correction factor of Eq. 3 to be 0.9. This leads to an estimate of f esc,abs ≈ 1%.
The difference between f dust free esc and f esc,abs is due to the absorption of ionizing radiation by dust. It also indicates that the covering fractions of the neutral gas and the dust are not the same. Whereas the distribution of neutral gas evidently has gaps or holes, the dust almost fully covers the entire star-forming region. From this observation, we conclude that most of the dust absorption in this galaxy is associated with the ionized gas, consistent with the arguments given in (9) . Thus, strong feedback from the starburst, in the form of ionizing radiation and shock heating by the galactic wind, is able to fully ionize holes in the distribution of neutral gas that envelops the starburst region. In these holes, the gas is fully ionized and allows the Lyman continuum photons to escape. However, the dust survives and is able to absorb both the ionizing and nonionizing UV photons (Fig. 4) . The holes contain ionized gas with negligible optical depth due to photoelectric absorption for Lyman continuum photons, and also dust.
How relevant is the knowledge gained from J0921+4509 for understanding the sources responsible for reionization, given that it is highly obscured by dust? The good news is that the physics behind the creation of the holes that allow Lyman continuum to escape may be valid for any compact starburst. Such compact starburst galaxies are commonly seen at high redshifts (15) . In fact, the highest-redshift galaxy known to date (z = 10.7) has a size (∼200 pc) and stellar mass (10 8 to 10 9 M • ) (16) similar to the starburst in J0921+4509. On the other hand, mounting evidence from deep surveys of the early universe with the HST implies that the amount of dust absorption in star-forming galaxies is very small at the highest redshifts (17) . This is most plausibly caused by the much lower metallicities (and hence lower dust-to-gas ratios) in these early galaxies. Recently, an intensely star-forming galaxy with very low dust and metals at z ≈ 7 was discovered (18) . Therefore, although dusty objects like J0921+4509 would not be good candidates for the population of galaxies that reionized the universe, similar analogs from the early universe that are compact but nearly dust-free would be excellent candidates.
It is important to reemphasize that the opacity due to neutral hydrogen in the intergalactic medium (IGM) during the epoch of reionization (z ≈ 6 to 11) is so large that there is no hope of directly observing flux below the Lyman edge from these early galaxies and directly measuring the escape fraction. The idea that the amount of residual flux in the cores of saturated interstellar absorption lines that trace the neutral gas can serve as a proxy measurement of the escape fraction was proposed by Heckman et al. in 2001 (19) , applied by Grimes et al. in 2009 (14) to a sample of local starbursts, and then applied by Heckman et al. (9) to a sample of LBAs. This idea has recently been extended to high-redshift galaxies by Jones et al. (20) . Our study has validated this indirect technique. The direct value we measure for f dust free esc in J0921+4509 is similar to the indirect estimate in (9) .
